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ABSTRACT
In this paper, a system of equations is presented, which describes time-dependant
temperature variations for a dielectric surface exposed to an arc discharge. The
( )formulas are derived for a circular as well as any-shape region interacting with
the arc discharge. The final set of equations makes it possible to convert tempera-
ture values, measured at some depth beneath the sample surface which is exposed
to the arc heating, to the corresponding surface temperature values. The theoreti-
cal results are verified by measurements according to the IEC 61621 test method,
and numerical calculations are done for an epoxy composition that is used in com-
posite insulator manufacturing.
Index Terms — Arc discharge, insulator, surface temperature, heating.
NOMENCLATURE
x, z Cartesian coordinates,
Ž .t Time s
Ž .T Surface temperature above ambient K0
ŽT Surface temperature above ambient heat transferredN C
. Ž .to the surrounding not taken into account K
Ž y2 .q Heat flux density W m
Ž .Q Heat flux W
ŽH Surface heat transfer coefficient of body material W
y2 y1.m K
Ž y1 y1.K Thermal conductivity of body material W m K
Ž 2 y1.a Thermal diffusivity of body material m s
R Radius of area exposed to heating on the surface of
Ž .body material m
r Distance between point of the temperature measure-
Ž .ment and the sample surface location m
Ž y3 .d Density of body material kg m
T , T Temperature above ambient measured at depth ine1 e2
Ž .points e and e K1 2
T , T Surface temperature above ambient in areas ‘‘1’’ and1 2
Ž .‘‘2’’ K
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1 INTRODUCTION
IGH voltage glass and porcelain insulatorsH are more and more frequently being replaced with
epoxy, silicone rubber and polymeric-concrete composite
insulators. Power saving manufacturing technology, resis-
tance to thermal shocks and good mechanical properties
are the advantages of these new constructions, to name
just a few. Among the main disadvantages, one should
mention their weaker resistance to surface discharges
Ž .tracking currents and arcs . Exposure to the surface dis-
charges leads to a rapid, short-term, and localised in-
crease in the insulator temperature by as much as several
hundred degrees Kelvin. If the thermal energy supplied by
the discharge to the insulating material is higher than the
energy of the polymeric atomic bonds, it will lead to its
destruction, manifested in conducting carbonised tracking
paths, or erosion that mechanically damages the insulator.
Using high thermal endurance components in its produc-
tion, the composite polymeric insulator can be made more
resilient to the surface discharges due to the higher en-
ergy chemical bonds. It is also possible to increase the
surface discharge resistance by selecting a polymeric ma-
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trix which results in insulator erosion at higher tempera-
tures. In this case, erosion takes the place of tracking paths
formation, and is thus less hazardous. Another effective
countermeasure is the application of alumina trihydrate
Ž .ATH as filler. ATH gives off its hydration water when
exposed to the discharge-induced high temperature. The
water is a potent extinguishing medium for the arc due to
its high heat of vaporisation.
The above mentioned techniques have been utilized thus
far in methods aiming at boosting the arc resistance of the
polymeric composites. However, the problem may be
solved in another way: by selecting a material that has the
correct thermokinetic properties. The consequent effi-
cient dissipation of the thermal energy in the material re-
sults in a decrease in the insulator temperature at the arc
hot spot. In order to select such a material, it is necessary
to determine the relationship between the surface tem-
perature in the discharge area and the material’s thermal
conductivity and diffusivity. Such dependence should also
be verified experimentally.
Calculations of the surface temperature in the dis-
w xcharge area have been introduced by many authors 13 ,
w xmainly by applying the equation given by Thomas 4 .
However, limitations arise when applying this approach to
arc heating due to the assumed simplifications, i.e. a con-
stant heat flux density across a rigorously circular dis-
charge area. Additionally, Thomas’ approach requires es-
timating or experimentally determining the heat flux den-
sity in the discharge region. Moreover, it is important to
remember that only a fraction of the heat flux generated
by the arc arrives at the insulator surface, and only this
fraction is important for its heating. The remaining heat
flux is dissipated to the surrounding immediately from the
burning arc or by a secondary reflection from the surface.
As we will show, it is possible to derive an equation
describing the surface temperature of the arc-heated area,
which would be more general than the one given by
Thomas and not restricted by the mentioned limitations.
In order to accomplish this task, we suggest a novel math-
ematical and experimental approach. To begin, a system
of equations governing the time-domain temperature vari-
ations in the discharge area is derived using a superposi-
tion technique. The discharge area is assumed to be oval-
shaped and approximated by several circular sub-areas.
Because the temperature values recorded right at the sur-
face are burdened with substantial errors which cannot be
Želiminated strong electromagnetic field pick-up and a di-
rect thermal interaction of the arc with a temperature
.probe , the experimental record of the specimen tempera-
ture variation is performed, not directly at its surface, but
at some depth beneath it, in at least two distinct points.
The heat flux density in the circular sub-areas in our ap-
proach is calculated from the temperature curves experi-
mentally recorded in the bulk of the material; and not
directly from the presumed or measured discharge energy.
Finally, the system of equations for converting the tem-
perature from the bulk to the surface is derived.
This suggested way of thermal problem solving is feasi-
ble due to the combining of a well-known and often used
inversion procedure with the superposition method. The
inversion technique, which has been frequently employed
w xin thermal calculations 56 , makes it possible to esti-
mate the temperature and heat flux directly at the sample
surface using temperature trends recorded at some depth
within the sample. Combining the inversion technique with
the superposition principle allows for determining the sur-
face temperature distribution for a given area. The more
sub-areas of the discharge zone are considered, the more
realistic and accurate the distribution of temperature and
heat flux density can be determined. In effect, such a
combined computing approach produces more realistic
time-domain surface temperature curves than those calcu-
lated using the classical Thomas equation. Moreover, it
provides additional information, such as the planar tem-
perature and heat flux density distribution in the dis-
charge area.
2 THEORETICAL MODELS
2.1 INSULATOR SURFACE
TEMPERATURE UNDER THE ARC
ACCORDING TO THE THOMAS EQUATION
A classical way to describe the time-domain tempera-
ture variations of the insulator surface, located under the
arc discharge, is to adopt the equation introduced by
w xThomas 4 . It is valid for the temperature established in
the centre of a strictly circular area, localised on a semi-
infinite body, and heated by time-invariable heat flux.
2 q 2 2 2 2'h a  t yh R r4 T sT y  1y e e erfc  dŽ .Ž .H0 NC H 0
1Ž .
where
1r2qR at R2yR r4 atT s 2 1y e q erfc 2Ž .Ž .NC 2ž / ž /'K R 2 at
and h s HrK ;  sat.
w xIn this case it is assumed 4 with some dose of simplifi-
cation, that during an acceptably short time interval, the
main fraction of the heat flux Q is transferred perpendic-
ularly to the sample surface. However, inside the sample,
a small fraction of that heat flux diffuses laterally in the
form of a radially expanding cylinder with its generatrix
perpendicular to the surface. As that fractional flux re-
turns to the sample surface, it brings about an increase in
temperature of an area external to that irradiated initially
by Q. Therefore, the related heat loss occurring outside
the sector heated by the main flux Q is equivalent to the
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product HT. When considering the case of an insulator
surface, it may be assumed that the heat is transferred
only by convection; radiation may be ignored when the
increase in temperature T is relatively small. Thus, the
heat transfer coefficient H is dependent only on the
properties of the medium in contact with the sample sur-
face. In the case of atmospheric air, H may reach a value
y2 y1 w x Žfrom 5 to 80 W m K 7 . The highest value is at-
.tained using a strong, forced convection . If larger H val-
ues are taken into account, the component HT will be
obviously higher, but in the discussed example of an insu-
lator sample, H may be considered to be equal to 10 W
y2 y1 w xm K , as in 3 . The phenomenon is quantitatively
Ž .given by 1 , in which the cooling by the area external to
that heated directly is expressed by the integral sub-ex-
pression.
Ž .Equation 1 may be evaluated numerically substituting
real, thermo physical properties of an electro-insulating
Žepoxy composition e.g. that used in the experimental part
of the work: a s 0.4  10y6 m2 sy1 K s 0.8 W my1
y1. Ž .K and illustrated in graphical form Figure 1 . The
Ž .curves shown in Figure 1 relate to 1 , which corrects for
the heat carried off from the directly heated surface, and
Ž .2 , which rejects the correction.
The heat flux density in the above calculation was as-
sumed to be 1.5  105 W my2, according to data pub-
w xlished by Gorur et al. 1 . The R radius value was as-
sumed to be 0.00335 m as the half-distance between the
electrodes used then in the experiment. The disagreement
Ž .between the curves marked in Figure 1 T and T isNC 0
below 10 K, compared to the increase in temperature of
over 400 K. As a result, this disagreement can be ignored
Ž .and the cooling correction factor in equation 1 can be
Figure 1. Temperature versus specimen time of exposure to con-
stant heat flux, calculated in the centre of R-radius area.
neglected. This simplification makes any further calcula-
tions simpler without affecting the accuracy of the final
results.
2.2 METHODS FOR DETERMINING
SURFACE TEMPERATURE VARIATIONS
INDUCED BY AN ARC DISCHARGE
As it was mentioned before, measuring the temperature
in a location next to the burning arc is a complicated task.
Problems in the precision of temperature measurements
in tiny areas are associated with strong interferences,
caused by a powerful arc-generated e-m field, and with
the requirement to register small voltage variations over
short time intervals. To separate the temperature probes
from direct arc interaction, the probes are located in the
bulk of the tested sample.
The bulk-surface conversion problem may be resolved
by introducing one of the following methods. In the first
method, the temperature variations are measured in the
bulk of the sample in points located one-over-another at
Ž .several different depths x. The family of curves T s f t
recorded at different depths is then converted, for a given
Ž .time t , to give a discrete dependency T s f x . Extrapo-1
Ž .lating this curve to the surface i.e. for x s 0 , one ob-
tains the surface temperature T for time t . The samesur f1 1
procedure is repeated for time points t , t ,... t , giving a2 3 n
Ž .discrete dependency T s f t . Computational benefitssur f
are cancelled by a poor accuracy, which is the principal
disadvantage of such an approach. It is primarily related
Ž .to numerical problems in extrapolating T s f x curves
and experimental difficulties in providing a precise loca-
tion for a large number of temperature probes needed to
improve the accuracy of transformation.
An alternative, but more analytically complex method,
relies on measuring the temperature in the bulk of the
sample material at a single depth, and then mathemati-
cally converting the result to the surface temperature. The
latter of these two methods is definitely less laborious and
much more accurate since its final result does not depend
on any extrapolation. However, it is feasible only after de-
riving an adequate mathematical formula linking the tem-
perature measured at some depth with its corresponding
surface value.
2.3 TEMPERATURE OF SEMI-INFINITE
BODY IN THE CENTRE OF A DISK
HEATED BY A TIME-CONSTANT UNIFORM
HEAT FLUX
Assuming that a time-invariable heat flux with density
q, uniformly heats up a disc with radius R located on a
Ž .surface of a semi-infinite body Figure 2 , one may calcu-
Ž .late the temperature T r,t at the point located at depth r
under the surface axially to the disc centre.
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Figure 2. Time-constant heat flux q incident to R-radius disc.
Taking the advantage of the relationship
q l
T t , r s erfc ds 3Ž . Ž .H ž /'2 lK 2 atS
2 2 2'where SsR ; dss2 z dz; ls z q r and thus dl
z  dz z ds
s s dzs we obtain
2 2 l 2 l'z q r
2 2'q R q r r
2 2'T t , r s R q r erfc y r  erfcŽ . ž /' 'ž /K 2 at 2 at
2 2 2Ž .y r y R q r
at
4at 4 atq2 e y e 4Ž .( ž /
The temperature in the centre of the heated disc is cal-
Ž .culated from equation 4 substituting r s 0
2yR
q R at 4atT t ,0 s R  erfc q2 1y e 5Ž . Ž .( ž /ž /'K 2 at
Ž . Ž .Equation 5 is identical to equation 2 given by Thomas
for the case where cooling of the surface external to the
area exposed to the heat flux is ignored. In the case where
a constant heat flux Q heats up the semi-infinite body
w xand when R™ 8 , the equation describing the tempera-
ture field at depth r is given by
Q r
T t ,r s erfc 6Ž . Ž .ž /'2Kr 2 at
2.4 TEMPERATURE OF ANY SURFACE
AREA LOCATED ON A SEMI-INFINITE
BODY HEATED BY A TIME-CONSTANT
HEAT FLUX
An area of any shape may be correctly approximated by
a set of circular sub-areas. For example, the area being
exposed to the electrical arc, burning between two elec-
trodes, is approximated in our approach with three circu-
lar sub-areas having diameters 2R , 2R and 2 R , inter-1 2 3
acting with heat fluxes characterised by the densities q ,1
q and q respectively. Temperature measurements are2 3
taken with probes placed in the bulk of the sample at
Figure 3. Schematic side and top view of inter-electrode area seg-
mentation with three circular sub-areas and their dimensioning.
points e and e located in the centres of the sub-areas,1 2
as shown schematically in Figure 3.
It is assumed that the density of the heat flux in the
Žarea between electrodes is distributed symmetrically i.e.
.q s q . From the previous derivations, we know that in1 3
the case of a semi-infinite body interacting with a constant
heat flux, the temperature at the body’s interior is directly
proportional to the heat flux density q, as given by equa-
Ž .tion 4 . Applying a superposition, we can write equations
for the temperatures at points e and e1 2
T s q q qe1 11 1 12 2
T s q q q . 7Ž .e2 21 1 22 2
Due to the symmetry of our model, it is also assumed
that T s T . The measurement and calculation appliese1 e3
to a specific time t.
Thermal influence is exerted on the probe at point e2
by the heat flux with density q emanating from the disc 2,2
as well as heat fluxes originating from discs 1 and 3, with
densities q and q respectively. To simplify calculations,1 3
it is assumed that the densities of the heat fluxes emanat-
ing from discs 1 and 3 are accumulated at their midpoints.
Therefore, the thermal probe e is interacting with one2
spread heat source situated in a circular area 2, and with
two remote point heat sources located in areas 1 and 3.
Similarly, the probe at point e is influenced by the flux1
from disc 1, and from the midpoints of remote discs 2 and
Ž .3. When q and q are determined using equation 7 , we1 2
can compute the relevant temperature T and T , repre-1 2
sentative for the centre points of the surface circular sub-
areas 1 and 2.
In order to do this, coefficients  are established us-kl
Ž . Ž . Žing equations 4  6 , equality Q s S q where S sk k k k
2.R as well as the symbolic representations illustrated ink
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Figure 3. Hence we have
2 2'R q r1 r1 11 112 2' s R q r erfc y r erfc11 1 11 11 ž /' 'ž /K 2 at 2 at
22 2 2Ž .y r y R q r11 1 11at
4at 4 atq2 e y e( ž /
S r3 13q erfc 8Ž .ž /'2 K 2 at13
S r2 12
 s erfc 9Ž .12 ž /'2 r K 2 at12
S qS r1 3 21
 s erfc 10Ž .21 ž /'2 r K 2 at21
2 2'R q r1 2 222 2' s R q r erfc22 2 22 'ž /K 2 at
2 2 2Ž .y r y R q r22 2 22r at22 4at 4 aty r erfc q2 e y e . 11Ž .(22 ž /ž /' 2 at
Having determined the heat flux densities q s q and1 3
q , we can now calculate T and T2 1 2
2yR1q R at1 1 4atT s R erfc y2 e y1(1 1 ž /ž /'K 2 at
q S  q S 2 2 12 1 3 13q erfc q erfc 12Ž .ž / ž /' '2 K 2 K2 at 2 at12 13
2yR 2q R at2 2 4atT s R erfc y2 e y1(2 2 ž /ž /'K 2 at
q S 1 1 21q erfc ž /'2 K 2 at21
q S 1 3 23q erfc 13Ž .ž /'2 K 2 at23
where  are distances defined in Figure 3. Superposi-kl
Ž . Ž .tion-derived equations 12 and 13 are valid for an arc-
interacting area of any shape.
Knowing the temperatures T and T measured in thee1 e2
bulk of the dielectric with material constants a and K ,
and using the above formulas, we can now calculate the
appropriate heat flux densities as well as the surface tem-
perature characteristic for the discharge location. As we
have mentioned before, a surface distribution of the heat
flux density is quite difficult to directly measure or calcu-
late by any other means, especially in case of electrical
discharges of short duration.
2.5 TEMPERATURE OF ANY SURFACE
AREA LOCATED ON A SEMI-INFINITE
BODY HEATED BY A TIME-VARIABLE
HEAT FLUX
Although the heat flux density is variable in time, it is
assumed that it is constant for a short time interval  t in
any considered sub-area. The increment q s qŽ2 .yqŽ1.i i i
Ž .at t s t schematically depicted in Figure 4 is taken1
into account again using the superposition technique.
A new equation system accounting for the step-incre-
mented heat flux densities q and q is obtained by incor-1 2
Ž .porating the above modifications into equation 7 . For
the time t , we have1
T Ž1.s t qŽ1.q t qŽ1.Ž . Ž .e1 11 1 1 12 1 2
T Ž1.s t qŽ1.q t qŽ1. . 14Ž .Ž . Ž .e2 21 1 1 22 1 2
For the time t , taking into account increments qŽ2 .y2 1
qŽ1. and qŽ2.yqŽ1., we obtain1 2 2
Ž2. Ž1. Ž1. Ž2. Ž1.T s t q q t q q t y t q yqŽ . Ž . Ž .e1 11 2 1 12 2 2 11 2 1 1 1
Ž2. Ž1.q t y t q yqŽ .12 2 1 2 2
Ž2. Ž1. Ž1. Ž2. Ž1.T s t q q t q q t y t q yqŽ . Ž . Ž .e2 21 2 1 22 2 2 21 2 1 1 1
Ž2. Ž1.q t y t q yq . 15Ž .Ž .22 2 1 2 2
In general, for any time t we may thus writen
ny1
Žn. Žkq1. Žk .T s  t y t q yqŽ .Ýe1 11 n k 1 1
ks 0
Žkq1. Žk .q t y t q yqŽ . 412 n k 2 1
ny1
Žn. Žkq1. Žk .T s  t y t q yqŽ .Ýe2 21 n k 1 1
ks 0
Žkq1. Žk .q t y t q yq . 16Ž .Ž . 422 n k 2 2
Figure 4. Illustration of heat flux increments over time intervals  t
s t y t .n Žny1.
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Ž . Žn.Equation 16 let us calculate q and q as well as T1 2 1
and T Žn. respectively2
ny1
Žn. Žkq1. Žk .T s 	 t y t q yqŽ .Ý1 11 n k 1 1
ks 0
Žkq1. Žk .q	 t y t q yqŽ . 412 n k 2 2
ny1
Žn. Žkq1. Žk .T s 	 t y t q yqŽ .Ý2 21 n k 1 1
ks 0
Žkq1. Žk .q	 t y t q yq . 17Ž .Ž . 422 n k 2 2
The coefficients 	 are equal to the coefficients kl kl
Ž . Ž .calculated from equations 8  11 for r s 0. The con-kk
Ž .version given by equation 17 describes more general case
Ž . Ž .than that given by equations 12 and 13 and reflects a
situation when a surface is in interaction with a time-vari-
able heat flux density.
3 EXPERIMENTAL
3.1 TEST SAMPLES
In order to verify our theoretical models a silica-filled
epoxy composition characterised in Table 1 was used for
preparing samples for the following tests and measure-
Žments: arc discharge test 100 mm  150 mm  9 mm
. Žplates , thermal conductivity diameter 100 mm  3 mm
. Ždiscs and specific heat measurement 20 mm  40 mm
. 3 mm plates .
The samples were mould cast, cured for 8 h at 80
C and
then post-cured for 12 h at 120
C. The samples used for
Table 1. Test specimen composition.
Volume fraction
w xConstituent %
Epoxy resin: EPIDIAN 5 30.9
Curing agent: THPA 26.0
Accelerator: amine DMF-3 0.1
DMF-3
Filler: silica flour 43.0
Figure 5. Sample schematic cross-section and location of thermo-
couples 1 and 2.
the arc discharge tests were fitted with two thermocouples
Ž .each type K, wire diameter 0.05 mm , positioned 1.1 mm
beneath the sample surface. The depth was measured with
a depth gauge micrometer before thermocouple embodi-
ment. The distance between the thermocouple junction
and the adjacent electrode rim, measured along the sam-
ple surface, was equal to 1 mm as measured with an opti-
cal measuring microscope. The positioning of the thermo-
couples and electrodes is schematically pictured in Figure
5.
The thermal conductivity K of the epoxy composition
w xwas determined according to ISO 8302 9 and was equal
to 0.8 W my1 Ky1. The specific heat c was evaluated us-
Ž .ing the differential scanning calorimetry DSC and the
density d by means of the hydrostatic method according
w xto ISO 1183 10 . The thermal diffusivity a was calculated
from the equation a s Krcd for the previously deter-
mined values of c, K , and d giving a s 0.4  10y6 m2
sy1.
3.2 SET-UP FOR TEMPERATURE
MEASUREMENT DURING THE ARC
DISCHARGE TEST
All the experimental investigations were based on the
standardised procedure for testing of a dry solid insulat-
ing material’s resistance to high-voltage, low-current arc
w xdischarges according to IEC 61621 11 . The measure-
ments were performed using a set-up that is also defined
w xin 11 . The inter-electrode spacing was set to 6.7 mm and
the electrode 50 Hz ac supply voltage to 12.5 kV. The 4th
Ž .level arc constant-burning arc with forced current 10 mA
was used during the entire test. Thermocouple signals were
conditioned and recorded every 100 ms by a PC-con-
trolled data acquisition system and then converted to tem-
perature values. Data recording was triggered by auxiliary
contacts of the test set-up HV contactor. Once a conduct-
ing tracking path was formed on the sample surface, the
HV electrode supply was switched off and data acquisi-
tion was stopped immediately.
4 RESULTS AND DISCUSSION
4.1. THERMAL EFFECTS
ACCOMPANYING THE SURFACE ARC
DISCHARGE
To validate the simplifications assumed in Thomas’
model, the arc discharges and their resultant effects were
observed and photographed during the standardised IEC
61621 test run and documented in Figures 6 to 9. The test
sample was made of the silica-filled epoxy composite men-
tioned previously.
Analysing the photographic evidence, the following
conclusions can be made:
 ŽThe vertical distance between the heat source i.e.
.burning arc and the sample surface is not constant over
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Ž .Figure 6. Burning arc - side view IEC 61621 test run .
Ž .Figure 7. Burning arc - top view IEC 61621 test run .
Figure 8. Specimen after 5 s of the IEC 61621 test run.
Figure 9. Conducting path after full IEC 61621 test run.
the entire inter-electrode space. It is smallest in the vicin-
ity directly next to the electrode and increases towards the
Ž .arc centre Figure 6 .
 The shape of the heat source is irregular, being more
Ž .alike to an elongated oval than to a circle Figure 7 .
 The arc channel is not constant in width, but may be
regarded axially symmetric during time periods longer than
the arc 50 Hz ac supply period, for which we do all the
theoretical calculations. This is why any detailed features
of the arc, such as extended positive column, non-symmet-
ric constrained cathodic and anodic regions or arc spot
wobbling, are not taken into account in our model.
 Degradation of the sample surface starts in the direct
Ž .neighbourhood of the electrode Figure 8 , conducting
paths are narrow and clearly distinct from a circular pat-
Ž .tern Figure 9 .
The above observations also confirm the following
more general statements:
 The temperature registered during the discharge is
not uniform over the entire inter-electrode area. It is
highest in the electrode proximity and decreases along the
distance from the electrode tip.
 The most degraded part of the sample surface resem-
bles a significantly elongated ellipse. Therefore, it is justi-
fied to state that the explicit form of the simple Thomas
equation does not describe the arc discharge thermal in-
teractions observed in practice.
4.2 TEMPERATURE MEASUREMENTS
DURING THE ARC DISCHARGE TEST AND
SURFACE TEMPERATURE CONVERSION
Temperature curves recorded under the silica-filled
epoxy sample surface during the arc test are superim-
Žposed in Figure 10 curves marked T and T , plottede1 e2
.every second point for clarity . The original recorded tem-
perature values were converted into increments by sub-
Žtracting the initial sample ambient temperature ap-
.proximately 20
C .
In order to convert the measured temperature incre-
ments into the corresponding surface figures, the inter-
electrode area was assumed to be composed of three cir-
cular sub-areas having equal radii R s R s R s 1.1351 2 3
mm. The radii values were determined taking into ac-
count the real electrode spacing and the top view of the
burning arc shown in Figure 7. Calculations were per-
formed using Matlab software package.
Figures 10 and 11 present time-domain variations of the
surface temperature and the heat flux density, calculated
numerically for the measured data as illustrated in Figure
10. The calculations were performed using the model de-
Ž . Ž .scribed by equations 16 and 17 .
When the entire experimental temperature record was
used for numerical calculation, it produced undesired
strong oscillatory transients in the heat flux density and
the surface temperature curves. The reason for this may
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Figure 10. Experimental record of time-domain temperature varia-
Ž . Ž .tions measured by thermocouples e T and e T as well as the1 e1 2 e2
calculated corresponding surface temperature: T - 1 mm from the1
electrode rim, T - in the middle between the electrodes.2
be explained as follows: while large surface temperature
variations are observed in the initial experiment time pe-
riod, only very small corresponding temperature incre-
ments are recorded beneath the sample surface. Thus, any
Žmeasurement error unavoidably present in all experi-
ments involving dynamic temperature measurements in
.unsteady condition introduced during this period is mag-
nified and strongly distorts the calculations. To account
for these errors, the initial portion of the data record was
Figure 11. Calculated heat flux density at the specimen surface: q -1
1 mm from the electrode rim, q - in the middle between the elec-2
trodes.
removed, i.e. calculations were made starting at ts4 s
and the temperature sampling frequency was reduced to 1
s.
The photographs in Figures 8 and 9 show that degrada-
tion of the arc-interacting sample starts in the vicinity of
the electrodes. As the arc burns, the carbonised area grows
longer and is eventually converted into a continuous con-
ducting path. Thus, it is justified to presume that the high-
est temperature occurs next to the electrodes. This pre-
sumption is supported by our surface temperature calcu-
Ž .lations according to equation 17 , and shown in Figure
10. The calculated surface temperature T in the mid-2
point between the electrodes is much lower than that ad-
Ž .jacent to the electrode T . Another observation is that1
T is also much less variable than T ; T stabilises quickly2 1 2
while T is still rising. When applying a simplified Thomas1
equation, it has been assumed that the highest tempera-
ture appears at the midpoint between electrodes. If we
compare the curve of the Thomas model surface tempera-
Ž .ture T illustrated in Figure 1 with the variations of TNC 1
Ž .and T shown in Figure 10 it becomes apparent that the2
Thomas model gives averaged space and time tempera-
ture values, and significantly depreciates the peak temper-
ature reached by the surface at some points.
The heat flux density at the sample surface under the
arc is highly variable in time, as it is evident in Figure 11.
Generally, the density is higher adjacent to the electrode
and increases steadily. It is less variable in the inter-elec-
trode area and decreases slightly as the surface degrada-
tion advances. Our findings differ from the estimations
based on Thomas’ model presented previously in the liter-
w xature 1, 3 . However, the time-averaged heat flux density
Ž 5 y2 .1.27  10 W m calculated in our model for an
inter-electrode location is similar with estimations done
w xby authors using the Thomas’ model 1 .
5 CONCLUSION
N the light of the measurements and computationalIresults presented, it may be stated that our new mathe-
matical model of arc-surface thermal interaction more ac-
curately reflects the physical surface phenomena com-
pared with the Thomas model. Moreover, the new compu-
tational approach presented in this paper provides addi-
tional information by allowing for close evaluation of, not
only the surface temperature of the inter-electrode area,
but also for mapping of a planar distribution of the sur-
face temperature in the inter-electrode region. The resul-
tant heat flux density is computed from real temperature
records and does not have to be established a priori or
roughly evaluated from other figures.
Although the experimental part of this work is still be-
ing continued, these early results suggest that the maximal
surface temperature given by the proposed algorithm is
more accurate than that predicted by the Thomas equa-
tion. The rate of increase in the surface temperature cal-
1070-9878r04r$20.00  2004 IEEE376
IEEE Transactions on Dielectrics and Electrical Insulation Vol. 11, No. 2; April 2004 377
culated beneath the central part of the arc is also much
lower than that manifested next to the electrodes. Fur-
thermore, our experiments prove that the heat flux den-
sity must be considered variable during the arc discharge.
This new approach to modelling surface arc heating also
allows for more accurate practical analysis of arc
thermokinetic interactions for real materials than has been
possible to date using the Thomas equation, and aids in
the optimal selection of suitable materials with regards to
their surface high voltage arc performance.
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